regions include signatures of selective sweeps and adaptive introgression from neighboring islands 48
into each of the specialist species. Hard selective sweeps of genetic variation on San Salvador 49 contributed 10-fold more to divergence between specialist species within the radiation than 50 adaptive introgression of Caribbean genetic variation; however, some of these introgressed regions 51 from distant islands were associated with the primary axis of oral jaw divergence within the 52 radiation. For example, standing variation in a proto-oncogene (ski) known to have effects on jaw 53 size introgressed into one San Salvador specialist from an island 300 km away. The complex 54 emerging picture of the origins of adaptive radiation on San Salvador indicates that multiple 55 sources of genetic variation contributed to the adaptive phenotypes of novel trophic specialists on 56 the island. Our findings suggest that a suite of factors, including rare adaptive introgression, may 57 also be required to trigger adaptive radiation in the presence of ecological opportunity. 58 59 Introduction 82 Adaptive radiations are central to our understanding of evolution because they generate a wealth 83 of ecological, phenotypic, and species diversity, often in very rapid bursts. However, the 84 mechanisms that trigger the rapid bursts of trait divergence, niche evolution, and diversification 85 characteristic of classic adaptive radiations are still debated. The availability of resources in new 86 environments with few competitors has long been seen as the major force driving adaptive 87 radiations[1-3], but it is a longstanding question why only some lineages rapidly diversify in 88 response to such resource abundance while others do not [4] [5] [6] [7] [8] [9] . 89
Gene flow can introduce adaptive genetic variants [10, 11] , genetic incompatibilities [12-90 14] , and/or reinforcements [15] [16] [17] [18] that initiate or contribute to the process of speciation and a 91 growing number of studies have identified gene flow and genome-wide introgression across a 92 range of adaptive radiations [19] [20] [21] [22] [23] [24] [25] [26] . The hybrid swarm hypothesis [27] proposes that 93 hybridization among distinct lineages can introduce genetic diversity and novel allele 94 combinations genome-wide that may trigger rapid diversification in the presences of abundant 95 ecological opportunity. Yet there is still little evidence that hybridization specifically triggered 96 adaptive diversification within radiations, as opposed to simply being pervasive throughout the 97 history of any young rapidly diversifying group [25, 28] . One of the only examples with strong 98 evidence of hybridization leading to ecological and species diversification is that of several hybrid 99 species within a radiation of Helianthus sunflowers [29] [30] [31] [32] [33] [34] . However, this may simply represent 100 examples of multiple homoploid speciation events within an already radiating lineage rather than 101 a hybrid swarm scenario. So while there is convincing evidence that hybridization can facilitate 102 diversification among species pairs (but see [26, 35] for a potential multispecies outcome of 103 hybridization), it is still unclear whether gene flow is a major factor constraining adaptive radiation 104 in some lineages or if ecological opportunity is the sole constraint. 105
The adaptive radiation of San Salvador pupfishes provides an outstanding system to 106 address these questions about the contributions of different sources of genetic variation to rapid 107 diversification and the role of gene flow in the evolution of complex phenotypes. Pupfish species 108 of the genus Cyprinodon inhabit saline lakes and coastal areas across the Caribbean and Atlantic 109 and nearly all pupfishes are dietary generalists consuming algae and small invertebrates [36] . In 110 contrast, three Cyprinodon species live sympatrically in the hypersaline lakes of San Salvador 111 Island and comprise a small radiation that has occurred within the past 10,000 years based on the 112 most recent glacial maximum when these lakes were dry due to lowered sea levels [37] [38] [39] . This 113 radiation is composed of the widespread generalist algae-eating species Cyprinodon variegatus 114 and two endemic specialists that coexist with the generalist in all habitats in some lakes. These 115 specialists have adapted to unique trophic niches using novel morphologies: the molluscivore 116
Cyprinodon brontotheroides with a unique nasal protrusion and the scale-eating Cyprinodon 117 desquamator with enlarged oral jaws and adductor mandibulae muscles [36, 40] . Surveys of 118 populations living on neighboring islands in the Bahamas and phylogenetic analyses with other 119
Cyprinodon species indicate that these specialist species are endemic to the hypersaline lakes of 120 San Salvador Island and that both specialists arose from a generalist common ancestor during this 121 recent radiation [41] . 122
The currently available ecological and genetic data on the group provides little indication 123 as to why this radiation is localized to a single island. Variation in ecological opportunity among 124 hypersaline lake environments in the Caribbean does not appear to explain the rarity of this 125 radiation [41]. This finding suggests a potentially important role for sufficient genetic variation to 126 respond to abundant, underutilized resources in these environments. However, a hybrid swarm 127 hypothesis about the origins of the radiation does not appear to explain its rarity either: genetic 128 diversity is comparable among islands and gene flow occurs among all Caribbean islands 129 investigated, not only into San Salvador Island [41]. Novel traits and increased rates of 130 diversification associated with them are well documented in this system [36, 41, 42] , but 131 understanding the rarity of this adaptive radiation requires a thorough investigation of the 132 underlying genetic variation that accompanies these rare ecological transitions. A recent study 133 investigating the genetic basis of trophic specialists in this radiation revealed very few regions 134 underlying these phenotypes [43] . Only hundreds of variants out of 12 million were fixed within 135 the scale-eater and molluscivore species. Since genetic divergence is limited to particular regions, 136 localized rather than genome-wide investigations of the genome will be important for 137 understanding how genetic variation, possibly originating outside of San Salvador, has contributed 138 to the exceptional phenotypic diversification restricted to this island. Here, we use a machine-139 learning approach to identify regions of the genome with different evolutionary histories across 42 140 pupfish genomes sampled from the San Salvador radiation, two distant Caribbean islands, and 3 141 additional outgroups. We then scan the genome for evidence of localized introgression with 142 pupfish populations outside of San Salvador Island and compare the relative contributions of 143 adaptive introgression from two distant islands and hard selective sweeps to the divergence of each 144 specialist species. 145
146

Results
147
Extensive variation in patterns of evolutionary relatedness across the genome 148
To identify localized patterns of population history across the genome, we used the machine-149 learning approach SAGUARO. SAGUARO combines a Hidden Markov Model with a self-150 organizing map to characterize local histories across the genome among aligned individuals [44] . 151
This method does not require any a priori hypotheses about the relationships among individuals, 152 but rather infers them directly from the genome by finding regions of consecutive nucleotides with 153 a similar pattern of genetic differentiation, building hypotheses about relationships among 154 individuals from these genetic differences, and then assigning regions of the genome to these 155 hypothesized local "histories". Since smaller segments with fewer informative SNPs are more 156 likely to be incorrectly assigned to a hypothesized history by chance (pers. comm. M.G. Grabherr), 157
we filtered out segments with fewer than 20 SNPs. Using this approach, we partitioned the genome 158 into a total of 15 unique histories across 227,248 genomic segments that ranged from 101-324,088 159 base pairs in length (median: 852 bp) (S1 and S2 Figs; Table S1 ). 160
The most prevalent history across 64% of the genome featured the expected species 161 phylogeny for this group from previous genome-wide studies [36, 41, 45] , in which all individuals 162 from San Salvador Island were cleanly grouped into a single clade with distant relationships to 163 generalist pupfish populations from other islands in the Caribbean, Death Valley in California, and 164 two specialists from a second radiation in Mexico spanning the most divergent branch of the 165 Cyprinodon tree (Fig 1) . Unlike previous genome-wide phylogenies [41, 45] , and with the 166 exception of a few individuals that grouped with molluscivores by lake, the generalists on San 167
Salvador form a discrete clade from the molluscivores and scale-eaters. 168
Within this dominant topology, scale-eaters from six lakes on San Salvador fell into one of 169 two separate clades: small-jawed individuals from Osprey Lake, Great Lake, and Oyster Pond and 170 larger-jawed individuals from Crescent Pond, Stout Lake, Osprey Lake, and Little Lake (Fig 1) . 171
Molluscivores did not form a single clade as individuals from some lakes (Crescent Pond and 172
Moon Rock) were more closely related to generalists from the same lake than molluscivores from 173 other lakes, similar to previous genome-wide phylogenies [45] . Another history covering 10% of 174 genome was very similar to the dominant one, differing only in the relationships among San 175
Salvador generalists (S1 Fig) . Additional histories spanning 7.6% of the genome featured a single 176 San Salvador clade but also depicted a closer relationship between San Salvador and the outgroups 177 as well as groupings of all three San Salvador species by lake in Crescent Pond and Moon Rock 178
Pond. When combined with the dominant history, only 82.6% of the genome supported the 179 expected San Salvador clade (S1 Table) . 180
In other regions of the genome, San Salvador did not form a single clade (Figs 2A-C and 181 S2, S1 Table) . The most frequently observed alternative relationships depicted specialist 182 individuals as a clade outside of the San Salvador Island group and sister to all the outgroup 183
Cyprinodon species (Figs 2A,B ). One such history, the 'large-jawed scale-eater topology', featured 184 large-jawed scale-eater individuals outside of the San Salvador clade and was assigned to 4,437 185 segments covering 3.27% of the genome (Fig 2A) . Another history, the 'molluscivore topology' 186 showed a similar pattern in which the molluscivore individuals form a single clade outside of the 187 San Salvador group and sister to all other outgroups ( Fig 2B) . This molluscivore topology was 188 assigned to 3,916 segments and covered 3.11% of the genome. Another 2,029 segments covering 189 1.66% of the genome were assigned to a topology where both the large-jawed and small-jawed 190 scale-eaters formed a combined clade outside of the San Salvador group, the "combined scale-191 eater topology' (Fig 2C) . Other histories featuring one of the specialists separated from the rest of 192 San Salvador covered 0.76%-2.48% of the genome (Table S1) . 193
Unexpectedly, all histories separated scale-eaters into groups of smaller-and larger-jawed 194 individuals and the relationships between these two groups and other species differed across 195 different regions of the genome. In some regions, the small-jawed scale-eater individuals were 196 sister to the large-jawed scale-eaters (Figs 1,2B-C, and S1). In other regions, the small-jawed scale-197 eaters were more closely related to the generalists and molluscivores ( 
Localized introgression into both specialists from across the Caribbean 204
We examined signals of introgression from two distant pupfish generalist populations in the 205 Caribbean: Lake Cunningham, New Providence Island in the Bahamas (described as the endemic 206 species Cyprinodon laciniatus [46] ) and Etang Saumautre Lake in the Dominican Republic 207 (described as the endemic species Cyprinodon bondi [47]). We characterized the genomic 208 landscape of introgression in the three San Salvador species using f 4 statistics that were initially 209 developed to test for introgression among human populations [48] [49] [50] . 210
We found 230 10-kb regions out of 100,260 that contained significant evidence of 211 introgression between C. laciniatus or C. bondi and the San Salvador specialists ( Fig 3A) . 212
Introgressed regions were scattered across the genome in 140 of the 9,259 scaffolds in our dataset. 213
These regions were not typically concentrated in one section of the genome, with the largest cluster 214 within a single scaffold containing only 5% of the total regions detected ( Fig 3A) . The genomic 215 regions with significant evidence of introgression varied between the two specialists ( Fig 3B,C) , 216 suggesting that admixture with other Caribbean populations has occurred multiple times and 217 independently for each specialist or that different introgressed regions were used by the two 218 specialists after a single admixture event (see S3-S5 Figs for full Manhattan plots). Only 23 regions 219 of the 205 and 236 regions with significant evidence of introgression were shared between 220 generalist/scale-eater and generalist/molluscivore comparisons, respectively. We also tested for 221 introgression with the small-jawed scale-eaters excluded to search for potential introgression with To assess whether our regions of introgression were predominately from regions of low 228 diversity, we looked at D xy and π estimates across the detected regions of introgression in 229 comparison to the genome-wide estimates (mean D xy = 0.116; mean π scale-eater=0.0035 ; mean π 230 molluscivore =0.0044). We found that while some of the regions with significant f 4 values were in 231 regions with low D xy and/or π between the San Salvador species, the majority were in regions of 232 
Multiple sources of genetic variation underlie species divergence 237
The relationships observed in the three alternative topologies (Fig 2) underlie most of the 238 divergence observed between the molluscivores and scale-eaters, as 75% and 88% of the fixed 239
SNPs between molluscivores and large-jawed scale-eaters and molluscivores and all scale-eaters 240
respectively fall in these histories that make up less than 5% of the genome in total. Many of these 241 regions contained candidate genes previously associated with variation in Cyprinodon jaw size 242
[43]: 18 of the 31 candidate regions occurred in the combined scale-eater topology, and 1 candidate 243 region in the molluscivore topology. 244
We then assessed the relative contributions of different sources of genetic variation to the 245 divergence observed between the two specialists. The overlaps between these signals are 246 
Adaptive introgression contributed to localized adaptive radiation: a case study of ski 251
In general, selective sweeps of introgressed genetic variation that contributed to species divergence 252 between the specialists were rare. However, four of the 31 regions strongly associated with jaw 253 size variation in the specialists [43] showed strong evidence of introgression from Cyprinodon 254 species on two distant Caribbean islands (Table 1) increased nasal/maxillary protrusion, shortened lower jaw, and thicker dentary and articular bones 260 [40] . 261
Table 1. Adaptively introgressed 10 kb regions and gene annotations for fixed SNPs between 262
scale-eater and molluscivore species that lie in segments assigned to the three alternative 263 topologies. Asterisks (*) indicate SNPs in gene regions that have been associated with San 264
Salvador pupfish jaw size variation in a previous study [43] . Bolded genes have known functional 265 effects on craniofacial traits in a model system. Regions that are not annotated for genes are 266 indicated with a dash (- The adaptively introgressed segment is located at the start of ski in the 5' untranslated 270 region and contains a fixed SNP, signature of positive selection, reduced diversity in both of the 271 specialists, and high absolute genetic divergence between the two specialists in this region 272 compared to surrounding regions on the scaffold (Fig 5) . This pattern is consistent with a hard 273 selective sweep of an introgressed ski allele from outside San Salvador. To further assess the source 274 of introgression and which specialist is the recipient, we compared F st in this region between the 275 outgroups individuals and specialists. Genetic differentiation was minimal between molluscivores 276 and C. laciniatus (F st = -0.15) ( Fig 5) and higher in all other pairwise comparisons (F st > 0.35) 277 between the two specialists and two outgroup Caribbean pupfish species (S3 Table) , indicating 278 gene flow between the molluscivores on San Salvador Island and the generalist C. laciniatus on 279
New Providence Island. Taking a closer look at the genetic variation in this region, we observe 280 that the ski SNP fixed in the San Salvador molluscivores is homozygous in C. laciniatus and 281 segregating in the generalists (Fig 6A) , suggesting that it occurs at an appreciable frequency in the 282 generalists. In the surrounding molluscivore genetic background of the fixed ski SNP is very 283 similar to C. laciniatus ( Fig 6B) . In this region, there are only 62 variants between the 284 molluscivores and C. laciniatus in our sample. 285
We then used TREEMIX [50] to visualize the direction gene flow in adaptively 286
introgressed regions that contributed to species divergence in the specialists. We found evidence 287 that genetic variation from both C. laciniatus and C. bondi introgressed into both specialists ( Table) . divergence appears to mostly come from selective sweeps of standing or de novo genetic variation 301 (Fig 4) , rare adaptive introgression has played a role in the radiation. The adaptive introgression 302
we found in this study has come from large admixture events into San Salvador from populations 303 as far as 742 km across the Caribbean. Our best candidate was a region containing a single fixed 304 variant in the molluscivore specialist previously associated with jaw size variation on San Salvador 305 containing the proto-oncogene ski, adaptively introgressed from another pupfish species on an 306 island 300 km away (Figs 5,6, and 7A, Table 1 ). Importantly, our limited sampling of one 307 individual from each of two distant islands suggests that long-distance adaptive introgression is 308 common and arises from abundant genetic variation found in only some parts of the Caribbean. 309
We rarely know the source of candidate variants involved in diversification or the 310 contributions of multiple sources of genetic variation to rapid diversification. Genomic 311 investigations of other adaptive radiations have also inferred roles for multiple genetic sources 312 contributing to rapid diversification. For example, in the apple maggot fly, ancient gene flow from 313
Mexican populations introduced an inversion affecting key diapause traits that aided the sympatric 314 host shift to apples in the United States [55] . Hybridization within Darwin's finches also appears 315 to play a role in the origin of new lineages through adaptive introgression of functional loci 316 contributing to beak shape differences between species [21] . In a Mimulus species complex, 317 introgression of a locus affecting flower color appears to have been a driver of adaptation in the 318 early stages of their diversification [56]. However, even in case studies demonstrating multiple 319 sources of genetic variation, the relative contributions to the diverse ecological traits in these 320 radiations still remain unknown in most cases (but see [57] ). 321 322
The genomic landscape of introgression differs between sympatric trophic specialists 323
Only 10% of all introgressed regions in either the molluscivore or scale-eater were shared between 324 the two. This minimal overlap may reflect the complexity of different performance demands. 325
Performance in the two specialists involves very different sets of functional traits (i.e. higher introgressed between the two specialists may reflect multidimensional adaptation to two distinct 330 trophic niches in this radiation, rather than variation along a linear axis (e.g. see [60] [61] [62] [63] [64] [65] ). 331 332
Did adaptive introgression trigger adaptive radiation? 333
Although adaptive introgression is rare and localized across the genome, it was likely important 334 for the assembly of the complex phenotypes observed on San Salvador (e.g. ski). Our findings 335
suggest that rare adaptive introgression may have been required to trigger the radiation in the 336 presence of ecological opportunity. Indeed, a longstanding paradox in this system is why generalist 337 populations in hypersaline lakes on neighboring islands with similar levels of ecological 338 opportunity, lake areas, and overall genetic diversity have not radiated (Martin 2016) . 339
The presence of introgressed adaptive variants on San Salvador could be explained through 340 two main admixture scenarios. They could represent a large admixture event into the entire San 341
Salvador genetic pool, a prediction of the hybrid swarm hypothesis [27] , which was then sorted 342 during the initial divergence of the specialist populations. Alternatively, the introgressed adaptive 343 variants may represent secondary gene flow, aiding the ongoing divergence of the specialists. Our 344 TREEMIX analyses weakly support a scenario of secondary contact for several regions, including 345 ski, with evidence of admixture from C. bondi and C. laciniatus directly into the specialists (Fig  346   7) . A closer investigation of the ski variant fixed between the specialists shows that the variant 347 fixed in the molluscivores is segregating in the generalist population ( Fig 6) . This suggests that 348 either admixture brought the adaptive ski allele into the generalist San Salvador population and 349 was subsequently fixed in the molluscivores or that secondary gene flow between molluscivores 350 and generalists has introduced the allele into the generalist through secondary contact. However, 351 these are only exploratory inferences on directionality of gene flow and timing of introgression. 352
They should be confirmed with demographic analyses focused on testing different scenarios of 353 admixture into San Salvador (e.g. [26,66-70]). 354
We can roughly estimate the timing of introgression for this ski region from the number of 355 variants that have accumulated between the C. laciniatus and molluscivore haplotypes (n = 62 356 variants; Fig 6) . Assuming neutrality, the observed genetic differences between the two lineages 357 should equal 2µt, the time since their divergence in each lineage and µ, the mutation rate [71] . 358
Using mutation rate estimates ranging from 5.37x10 -7 (phylogeny-based estimate of Cyprinodon 359 substitution rate [69]) to 1.32x10 -7 mutations site -1 year -1 (estimated from cichlid pedigree estimate 360 of the per generation mutation rate [72] using a pupfish generation time of 6 months), introgression 361 of the ski adaptive haplotype from C. laciniatus into the molluscivore specialist occurred between 362 5,700 to 23,500 years ago. The 10,000 year age estimate of the San Salvador Island radiation 363 (based on the most recent lake drying event estimates [37-39]) falls within this window, suggesting 364 the intriguing scenario in which widespread introgression during the last glacial maximum may 365 have triggered adaptive radiation within pupfish populations isolated in the saline lakes of San 366
Salvador Island during their initial formation. 367
While there are rare and convincing examples of hybridization leading to homoploid 368 speciation (reviewed in [34] ), no study has yet provided convincing evidence that hybridization 369 was directly involved in triggering an adaptive radiation. For example, while there is strong 370 evidence in Darwin's finches that adaptive introgression of a loci controlling beak shape has 371 contributed to phenotypic diversity of finches in the Galapagos, this hybridization occurred 372 between members within the radiation [21] . Another recent study argued that hybridization 373 between ancestral lineages of the Lake Victoria superflock cichlid radiations and distant riverine 374 We also found evidence of a distinct clade of small-jawed scale-eaters, separate from the large-396 jawed scale-eaters (Figs 1 and 2) . The consistent clustering of this clade across the genome 397 suggests that they are a distinct, partially reproductively isolated population on San Salvador, 398 rather than a product of hybridization between generalists and scale-eaters in the lakes where they 399 exist sympatrically. Indeed, the small-jawed scale-eaters appear to be more reproductively isolated 400 than the molluscivores and generalists, as they form a distinct clade from the other species across 401 a larger percentage of the genome than the molluscivores do (Figs 1 and 2; S1 and S2 Figs). 402
Instead, these small-jawed scale-eaters could represent a new ecomorph that only occurs in some 403 lake environments. They have only been observed in the five lakes connected to the Great Lake 404
System on San Salvador (Great Lake, Mermaid's Pond, Osprey Pond, Oyster Pond, and Stout's 405 Lake), but not in isolated lakes such as Crescent Pond. Consistent with this pattern of occurrence, 406 F2 hybrid phenotypes resembling the scale-eaters have previously been shown to have extremely 407 low survival and growth rates in these isolated lakes [58] . 408
Small-jawed scale-eaters may also represent a stepping-stone in the evolutionary path to 409 scale-eating. If they were a stepping stone, we might expect regions of the genome to reflect a 410 nested relationship between the large-jawed and small-jawed scale-eaters. We see this predicted 411 pattern in the combined scale-eater topology that underlies most of the fixed variants between the 412 two specialists (Fig 2) . Small-jawed scale-eater diets also appear to be consistent with intermediate Understanding rapid adaptive radiation requires a new framework, one built upon the fact that 428 different regions of the genome correspond to different evolutionary histories, in order to 429 understand the mechanisms that drive diversification in this system. Within this framework, 430 species trees and other genome-wide summaries of evolutionary history are meaningless, or worse, 431
misleading for understanding what triggers adaptive radiations (see also [89, 93, 94] ). 432 433
Conclusion 434
Here we demonstrate that the complex phenotypes associated with the novel ecological transitions 435 seen on San Salvador arose from multiple sources of genetic variation spread across the Caribbean. 436
The variation important to this radiation is localized in small regions across the genome that are 437 obscured by genome-wide summaries of the history of the radiation. Species divergence appears 438 to mostly come from selective sweeps of standing or de novo genetic variation on San Salvador, 439 but rare adaptive introgression events may also be necessary for the radiation. This genomic 440 landscape of introgression is variable between the specialists and has come from large admixture 441 events from populations as far as 742 km across the Caribbean. Our findings that multiple sources (http://picard.sourceforge.net(v.2.0.1)). We followed the best practices guide recommended in 480 Genome Analysis Toolkit [96](v 3.5) to call and refine our SNP variant dataset using the program 481
HaplotypeCaller. Since we lacked high-quality known variants that are typically required as a 482 reference to filter SNP variants, we filtered SNPs based on the recommended hard filter criteria 483 
Characterization of genomic heterogeneity in evolutionary relationships across individuals 488
We used the machine learning program SAGUARO [44] to identify regions of the genome that 489 contain different signals about the evolutionary relationships across San Salvador Island and 490 outgroup Cyprinodon species. Saguaro combines a hidden Markov model with a self-organizing 491 map to characterize local phylogenetic relationships among aligned individuals without requiring 492 a priori hypotheses about the relationships. This method infers local relationships among 493 individuals in the form of genetic distance matrices and assigns segments across the genomes to 494 these topologies. These genetic distance matrices can then be transformed into neighborhood 495 joining trees to visualize patterns of evolutionary relatedness across the genome. Three 496 independent runs of SAGUARO were started using the program's default settings and each was 497 allowed to assign 15 different histories across the genome. The 15 th history and additional histories 498 that we investigated tended to be uninformative about the evolutionary relationships among 499 individuals and represented less than 0.5% of the genome. To determine how many histories to 500 estimate, analogous to a scree plot [97,98], we plotted the proportion of the genome explained by 501 a hypothesized history and looked for an inflection point in the section of the plot where 502 hypothesized histories explained little of the genome. We also looked at the neighborhood joining 503 trees to assess whether additional histories were informative about the evolutionary relationships 504 among individuals (S9 Fig) . We excluded the last history (15 th ) from downstream analyses due to 505 lack of genetic distinction at both the level of populations and species included in the proposed 506 genetic distance matrix and the low percentage of the genome assigned to it. The 14 histories 507 included and the total percentages of the genome assigned to them were robust across all three 508 independent runs. 509 510
Characterization of introgression patterns across the genome 511
We characterized the heterogeneity in introgression across the genome using f 4 statistics that were These Z-scores were then transformed into P-values and significance was assessed using a 539
Bonferroni-corrected significance threshold of 5x10 -7 . 540
It is difficult to distinguish between genetic variation that is similar among taxa due to 541 introgression from a hybridization event and that from ancestral population structure, so some of 542
the regions with significant f 4 values may represent the biased assortment of genetic variation into 543 modern lineages from a structured ancestral population. A recent simulation study [99] found that 544 extending the use of genome-wide introgression statistics such as Patterson's D statistic and f 4 545 statistics to small genomic regions can result in a bias of detecting statistical outliers mostly in 546 genomic regions of reduced diversity. We assessed whether our identified regions of introgression 547
were predominately from regions of low diversity by comparing D xy and π estimates across the 548 detected regions of introgression in comparison to the genome-wide estimates. 549
To visualize gene flow among the Caribbean populations included in this study, we used 550 TREEMIX v1.12 [50] to estimate population graphs with 0-4 admixture events connecting 551 populations. Population graphs were estimated for each region with a significant f 4 value, each 552 with a minimum of 50 SNPs and a block size of 1. The number of admixture events was estimated 553 by comparing the rate of change in log likelihood of each additional event, an approach similar to 554 one used in Evanno et al. ([100] ; also see [41] ). However, this analysis should be viewed only as 555 an exploratory tool as the reliability of TREEMIX to detect the number of admixture events has 556 not been tested. This analysis was designed to be applied on genome-wide allele frequencies and 557 estimates covariance in allele frequencies among populations in branch lengths using a model that 558 assumes allele frequency differences between populations are solely caused by genetic drift [50] . 559
The use of fewer SNPs ( ³50) in our window-based approach also makes it harder to reliably 560 distinguish between the different likelihoods for the number of migration events. The reliability of 561 inference under these conditions has not been evaluated, however the migration events inferred in 562 our TREEMIX results were consistent with our findings from our formal f 4 test for gene flow. 563 564
Comparison of patterns of introgression to patterns of genetic divergence and diversity 565
We then calculated several population genetic summary statistics in sliding windows across the 566 genome to compare to the f 4 patterns of introgression: F st , within-population nucleotide diversity 567 
